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ABSTRACT 


An  accurate  measurement  of  gas  temperature  in  a 
CO^-He-N^  amplifier  at  1  atmosphere  which  employs  volumetric 
photoionization  of  the  gas  by  ultraviolet  radiation  has  been 
performed  by  measuring  the  absorption  of  a  C02  laser  beam. 

The  temperature  was  determined  not  from  a  computed  absorp¬ 
tion  coefficient  but  from  the  experimentally  known  data  re¬ 
lating  the  absorption  coefficient  and  temperature,  for  the 
specific  gas  mixes  which  are  C02:He:N2=  30*55*15  and  13*77 
:  10 .  This  auxiliary  experiment  has  been  performed  to  avoid 
the  problem  of  uncertainties  in  lineshapes,  wavelengths  and 
transition  probabilities  inherent  in  a  computed  value  of  the 
absorption  coefficient.  Comparisons  are  also  made  between 
the  calculated  absorption  coefficient  and  experimental  mea¬ 
surements. 

Temperatures  in  the  range  400  -  600  K  have  been 
observed  at  the  center  betvreen  the  uniform  field  electrodes  using 
applied  voltages  from  35  to  60  kV.  The  temperature  decreased 
from  the  center  of  the  discharge  towards  the  sides,  and  was 
initially  constant  along  the  direction  of  the  transverse  cur¬ 
rent.  A  temperature  increase  was  observed  with  input  energy, 
while  a  decrease  was  found  with  pressure,  decay  time,  distanc 
between  electrodes,  and  flatness  of  the  electrode  profile. 
Estimation  of  energy  deposition  into  the  discharge  showed 
that  75^  of  the  total  input  energy  heats  the  gas.  A  tem¬ 
perature  of  approximately  450  K  was  optimum  for  maximizing 
the  small-signal  gain  in  this  system. 
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CHAPTER  1 


INTRODUCTION 


Gas  temperature  has  been  recognized  as  one  of  the 
important  properties  determining  laser  output.  A  high  tem¬ 
perature  results  in  an  increase  in  the  population  density  of 
the  lower  laser  level  with  subsequent  reduction  in  gain. 
Gordietz  et  ad.,  [l]  pointed  out  that  in  order  to  sustain  a 
population  inversion  in  the  low  pressure  CW  CO^  laser,  the 
gas  temperature  was  limited  typically  to  600  K.  For  the  pulsed 
TEA  CO2  laser  [2],  if  the  laser  pulse  cannot  be  emitted  rapid¬ 
ly  enough  before  equilibrium  is  completely  established  between 
electronic,  vibrational,  rotational  and  kinetic  energies,  then 
limitiation  on  the  gas  temperature  would  be  similiar  to  the 
CW-laser  case. 

More  specifically,  the  performance  of  a  00^  laser 
is  characterized  by  the  values  of  the  small-signal  gain  ccQ 
and  the  saturation  intensity  I  [3]*  The  former  is  the  frac- 

O 

tional  increase  of  the  intensity  of  an  infinitesimal  10.6  pm 
radiation  flux  per  centimeter  of  the  plasma  traversed  by  the 
radiation,  and  the  latter  is  the  value  of  the  radiation  in¬ 
tensity  for  which  the  gain  is  reduced  to  one-half  of  aQ.  The 
product  of  a  and  I  is  the  maximum  available  output  power 

O  o 

density. 

The  variation  of  aQ  and  I  with  gas  temperature  and 
electron  density  has  been  calculated  in  the  paper  of  Fowler[4] 
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by  using  the  kinetic  models  proposed  by  Gordietz  et  al.  j_l] 
and  by  Moore  et  al.  [5].  The  results  show  that  the  optical 
power  density  increases  with  increasing  electron  density  as 
long  as  the  gas  temperature  remains  low.  However,  the  strong 
deleterious  effect  of  rising  gas  temperature  on  aQ  causes  the 
output  power  density  to  decrease  with  increasing  temperature 
in  spite  of  the  increase  in  electron  density.  Some  numerical 
values  show  the  optical  power  density  approaches  zero  even 
for  values  of  electron  density  in  excess  of  10  cm  J  if  the 
gas  temperature  is  greater  than  approximately  700  K. 

Hence,  knowledge  of  the  kinetic  temperature  of  the 
gas  in  a  TEA  C 0^  laser  is  important  for  two  principal  reasons. 
First,  in  a  single  pulse  TEA  C02  laser,  the  duration  and  am¬ 
plitude  of  the  gain  pulse  can  decrease  if  the  gas  temperature 
increases  excessively  by  pumping  greater  amounts  of  energy 
into  the  gas  [6],[7l.  Secondly,  in  regard  to  high  repetition 
rate  CO^  TEA  lasers,  the  repetitive  glow  discharge  becomes 
unstable  when  undesired  gas  discharge  products,  due  to  gas 
heating,  remain  in  the  interelectrode  region  throughout  the 
time  interval  between  current  pulses  [8].  For  this  reason, 
ample  time  between  pulses  must  occur  in  order  to  avoid  any 
cumulative  rise  in  gas  temperature.  Therefore,  a  prereq¬ 
uisite  of  the  design  of  a  high  repetition  rate  C02  TEA  laser 
would  be  a  gas  flow  system  to  sustain  a  constant  low  gas 
temperature . 

Measurement  of  the  gas  temperature  in  a  sealed  C02 
discharge  system  has  been  reported  using  interferometric 
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methods  [9l,[l0],  but  having  little  time  and  space  resolution. 
Measuring  the  small-signal  gain  during  the  gain  pulse  will 
allow  a  determination  of  the  rotational  temperature  in  the 
low-pressure  [ll]  and  high-pressure  regimes  [12]-[17],  Due 
to  the  fast  relaxation  between  rotation  and  translation,  the 
kinetic  and  rotational  temperatures  are  assumed  equal,  and  a 
mathematical  expression  for  the  gain  coefficient  is  derived 
from  which  the  temperature  may  be  extracted  along  with  the 
upper  and  lower  level  population  densities.  This  method  de¬ 
pends  on  accurate  values  of  spectroscopic  and  collision  con¬ 
stants. 

Another  method  for  measuring  the  equilibrium  kinetic 
temperature  following  the  gain  has  been  to  observe  the  ab¬ 
sorption  of  10.6  ^m  radiation  by  the  hot  C02  [l4].  The  ab¬ 
sorption  coefficient  is  calculated  as  a  function  of  tempera¬ 
ture,  from  which  the  latter  quantity  can  be  obtained.  This 
method,  too,  relies  on  accurate  spectroscopic  and  collisional 
data  for  C02*  However,  recent  experimental  results  [18]  have 
shown  that  a  simple  two-level  model  of  the  absorption  process 
is  not  accurate  at  elevated  temperatures  and  overlap  of  se¬ 
veral  transitions  must  be  considered. 

Laser  devices  must  be  designed  to  operate  at  an 
optimum  temperature  in  order  to  produce  maximum  laser  output 
power.  Therefore,  the  purpose  of  this  experiment  is  to  me¬ 
asure  the  amount  of  heating  that  occurs  in  a  TEA  C02  laser 
amplifier  after  the  discharge,  and  especially  the  temperature 
rise  and  decay  as  a  function  of  time  and  position.  Once  the 
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temporally  and  spatially  resolved  temperature  has  been  mea¬ 
sured,  we  can  determine  the  optimum  condition  for  high  gain 
performance . 

The  method  of  temperature  determination  described 
in  this  thesis  involved  the  absorption  of  10.6  pm  radiation 
following  the  discharge  and  gain  in  the  amplifier.  The  tem¬ 
perature,  however,  was  determined  not  from  a  computed  absorp¬ 
tion  coefficient  but  from  the  experimentally  measured  varia¬ 
tion  of  the  absorption  coefficient  with  temperature,  for  the 
specific  gas  under  consideration.  The  variation  of  the  ab¬ 
sorption  coefficient  k  with  temperature  T  was  measured  in 
an  auxiliary  experiment,  and  avoids  the  problem  of  uncer¬ 
tainties  in  linewidths,  wavelengths,  and  transition  proba¬ 
bilities  inherent  in  a  computed  value  of  the  absorption  co¬ 
efficient.  This  auxiliary  experiment  is  described  in  Chap¬ 
ter  2. 

In  Chapter  3»  equilibrium  temperature  measurements 
carried  out  in  a  UV-sustained  TEA  COp  amplifier  using  the 
experimental  data  from  Chapter  2  is  presented.  Details  of 
the  experimental  set-up  and  variations  of  temperature  with 
spatial  position  in  both  the  x  and  y  directons,  electrode 
shape  and  distance,  pressure,  discharge  voltage  and  time 
will  be  described.  Discussions  of  these  results  will  also 
be  made. 

A  summary  of  results  and  conclusions  as  well  as 
suggestions  for  further  research  will  be  outlined  in  Chap¬ 
ter  4. 
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CHAPTER  2 


ABSORPTION  COEFFICIENT  MEASUREMENTS 

2.1  Theory  and  Computation 

2.1.1  Theory 

Consider  the  case  of  a  monochromatic  plane  wave 
of  frequency  v  and  intensity  I  propagating  through  an  atomic 
medium  with  N^  atoms  per  unit  volume  in  level  2  (upper  level) 
and  N^  in  level  1  (lower  level).  There  will  occur  ^W^  in¬ 
duced  transitions  per  unit  time  per  unit  volume  from  level  2 
to  level  1  and  N^W^2  transitions  from  1  to  2.  Therefore,  the 
intensity  grows  when  the  population  is  inverted  (N2  >  N^)  or 
attenuates  when  the  population  is  not  inverted  (N2  <  N^). 

The  former  case  corresponds  to  laser  amplification,  the  latter 
case  absorption.  The  net  power  generated  within  a  unit  volume 
is  [19] 

P  ^2 

-  =  (Np - N,)  W?,hv 

volume  S1 

Where  g2,  g^  are  statistical  weights  in  the 

upper  and  lower  levels,  W21  and  W12  are  transition  rates  per 

^2  I 

atom  between  the  upper  and  lower  levels,  equal  to  g~-  ^ v 
A2iC(v)  [20],  A2^  is  Einstein's  spontaneous  transition  proba¬ 
bility,  G(v)  is  the  normalized  lineshape  function  and  X  is  the 
wavelength  corresponding  to  frequency  v.  In  the  absence  of 


, 
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any  power  dissipation,  this  radiation  will  be  added  coherent¬ 
ly  (that  is,  with  a  definite  phase  relationship)  to  that  of 
the  traveling  plane  wave  so  that  it  is  equal  to  the  increase 
in  the  intensity  per  unit  length,  or: 


dl 
_ v 

dz 


(N2  - 


s2 


Si 


Nl> 


,2  I 

A  V 

Btt 


a21g(v) 


If  we  let 


then 


k(v)  = 
dl 

v 

dz 


2 


=-k(v)  I 

v 


f2 

^1 


N1)  G(v) 


(1) 


and  assuming  a  small  signal  so  that  and  remain  constant, 
the  solution  is 


Iv  (z)  =  Iv  (0)  exp  (-k(v)z) 

Iv  (z)  and  I  (0)  can  be  measured  experimently  with  detectors 
in  the  laboratory  and  hence  the  measurement  of  k(v)  can  be 
made : 

-In  3 

k  (v)  =  -  (2) 

L 

I  (z) 

where  3  =  ~f'~rQ )'  =  transmission  of  the  laser  beam  and  L  = 

v ' 

length  of  the  absorption  cell 
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2.1.2  Computation 

The  theoretical  calculation  of  absorption  coeffi¬ 
cient  as  a  function  of  temperature  can  be  made  for  comparsion 
with  the  experimental  measurement.  Each  factor  in  eq.  (1) 
will  be  considered  in  what  follows,  using  recent  experimental 
dat  a . 


2. 1.2.1  Wavelenth  X 

The  most  accurate  values  of  the  wavelength  in  the 
P  and  R  branches  of  both  the  00 °1  -  10 °0  and  00 °1  -  02 °0 
bands  of  CO^  are  reported  by  Petersen  et  al.  [2l]  and  Chang 
[22].  Here  we  are  using  the  P(20)  line  (X=  IO.59I  pm)  in  the 
computation. 


2.1. 2. 2  Spontaneous  Transition  Probability  A2^ 

The  spontaneous  transition  probability  is  given  by 


[23] 


64 


TT 


R 


12 


sjfj 


l21 


3hX- 


g2 


Where  R 


l12 


2 


is  the  vibrational  contribution  to  the  transi¬ 
tion  moment,  Sj  is  the  rotational  contribution,  and  Fj  is  the 
interaction  factor  between  vibration  and  rotation. 

R12l  [24]  gives 


The  most  recent  determination  of 
the  value  (4.01  ±  0.01)  x  10'20statcoul-em  for  the  00  °1  -  10°0 
transition.  Values  for  the  other  factors  are: 


Fj  =  1  -  0.0022  m 


•  l  •  it  X  «  *  ■  -  P  <1 

' 

'*’■  ■  I 


-  a 

•S'  1  i 


/.•cg  ,  j**f  jfefei  ‘  f  •  'i*'  •**  "'*‘1  '«  asn's.wrf  «  * 
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Sj  =  |  m  | 

m  =  -J  for  a  P  branch  transition 
J  =  20,  referring  to  the  lower  laser  level 
J'  =  19,  referring  to  the  upper  laser  level 
g2  =  2  J*  +  1  =  39 
g1  =  2  J  +  1  =  41 

2.1.2. 3  Population  Densities  N^,  N2 

The  population  densities  are  calculated  under  the 
assumption  that  Fermi  resonance  is  negligible,  the  harmonic 
oscillator  approximation  is  valid,  vibrational-rotational 
interaction  is  negligible,  and  1-doubling  in  also  negligible. 
According  to  Gray  and  Selvidge  [25],  these  simplifications 
result  in  errors  of  less  than  2%  in  computation  of  the  parti¬ 
tion  function  for  temperatures  up  to  1200  K. 

The  vibrational  level  population  density  of  vi¬ 
brational  mode  i  of  C02  having  vibrational  quantum  V  is  given 
by  [26] 


N  Vw.hc 

-  exp  (-  — - —  ) 

Qy  KT 


(  V-  0, 1, 2,  ...  ^ 

i=  1,3 


Where  N=  total  number  density  of  C02  molecules,  and  vari¬ 
ation  with  temperature,  T  and  pressure,  p  is  given  by 

N  p  T 

N  =  ( - - - 7)  ( - )  ( - ; — ) 

22413.6  cnr  mole  760  torr  273*16  K 

28  -1 

Nq  =  Avogadro’s  number,  6.02252  x  10  J  mole  ,  w^  are  the 


. 


■ 

. 


9 


vibrational  frequencies  of  the  3  fundamental  vibrational 
modes  of  C02,  namely 
wx  =  1388.2  cm’1 
w2  =  667.4  cm’1 
=  2349.2  cm’1 

Qy  is  the  vibrational  partition  function  [2?],  given  in  the 
harmonic  oscillator  approximation,  as 


w^hc 


w2hc 


w^hc 

Qv  =  [U-e  KT  )  (1-e  KT  )2  (1-e'  KT  )]  -1 


For  the  rotational  levels  superimposed  on  each  vibrational 
level,  the  population  density  in  level  J  is  given  by 

he 


N.  , 
lJ 


NiV 

QiR 


(  2J  +  1  )  e  -C  BiJ(J+1)  1 


KT 


here,  is  the  rotational  partition  function,  given 

approximately  by  [28] 


KT 


•iR 


2hcBi 


The  most  accurate  values  of  B  can  be  found  in  Refs.  [2l], 

[22]. 


B1  =  0.38988  cm 
B^  =  0.38684  cm 


-1 


-1 


2. 1.2. 4  Normalized  Lineshape  Function  G(v) 

The  normalized  lineshape  function  for  combined 
Doppler  and  Lorentz  broadening  is  given  by  [29] 
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G(v)  = 


TT 


2 

3/2 


-f 


AVn 


,oo 
— oo 


a2e“t  dt 
a2  +  (b-t)2 


Where 


A  v. 


a  = 


A  v 


b  =  2  (- 


D 

v  -  v 


A  Vn 


(In  2 ) 2 


0  \ 

)  a 


A  vD  is  the  full-width  at  half  maximum  (FWHM)  of  the  spectral 

2  KT  — 

line  due  to  Doppler  broadening,  written  as  —£—(2— — ln2)2  and 
A  is  the  width  of  the  spectral  line  (FWHM)  due  to  Lorentz 


broadening,  given  by  L30]: 

Avl=  7 - 58 (  eco  +0.73  eN  +0.64  0He)p(-^)hn  MHZ 

2  2 

heref  0.  is  the  fractional  content  of  component  j  in  the  gas 

j 

mixture,  P  is  the  total  pressure  in  torr,  and  T  is  the  abso- 
lute  temperature.  At  the  line  center  (i.e.  v  =  vQ),  G(v) 
reduces  to  [31] 


C(v0)= 


TT2  A  V, 


aea  (1  -  erf  a) 


For  the  pressures  involved  in  this  experiment,  the  dominant 
processes  is  Lorentz  broadening,  (i.e.  a— >°°) 


G(v0)  = 


TT  AV, 


The  variation  of  line  width  with  temperature  is 


_  1 


expected  to  follow  a  simple  T” Relationship  from  considering 
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an  elementary  model  of  collision  processes  in  the  pressure- 
broadened  regime  [32].  However,  experimental  results  [33] 
show  this  expectation  is  not  correct.  At  high  temperature 
the  absorption  coefficients  may  have  contributions  due  to 
the  overlapping  of  other  transitions  with  wavelengths  near 
that  of  the  P(20)  line.  Further  details  will  be  presented 
at  the  end  of  this  Chapter.  Therefore,  the  computed  values 
of  absorption  coefficient  should  be  less  than  the  experi¬ 
mental  data  in  the  high  temperature  region. 

2.2  Experimental  Method 

2.2.1  Experimental  Set-up 

A  schematic  diagram  of  the  apparatus  employed  in 
measuring  the  absorption  coefficient  over  the  temperature 
range  300  -  600  K  in  a  cell  is  shown  in  Figure  1.  A  low- 
pressure,  single  transverse  mode  (TEMQ0)  CW  COg  laser  served 
as  the  source.  Its  wavelength  was  selected  by  an  intracavity 
grating  and  output  power  was  slightly  below  1  W.  The  radia¬ 
tion  passed  through  a  mechanical  chopper,  an  absorption  cell 
enclosed  by  the  ceramic  oven,  a  spectrum  analyzer  and  finally  was 
focused  by  a  lens  on  a  Ge  (Au)  detector  (^1).  The  spectrum 
analyzer  was  used  to  continuously  monitor  the  wavelength  of 
the  laser  beam.  A  beam-splitter  placed  in  front  of  the  ab¬ 
sorption  cell  deflected  approximately  half  the  beam  onto  a 
second  Ge  (Au)  detector  (#2).  The  reason  for  this  was  to 
ensure  that  any  variation  of  the  laser  output  intensity  during 
the  measurement  could  be  accounted  for,  provided  the  signal 
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from  the  two  detectors  varied  in  the  same  manner  when  the 
laser  intensity  varied.  The  square  wave  signals  from  both 
detectors  were  monitored  on  an  oscilloscope  and  two  digital 
AG  voltmeters. 

The  absorption  cell  was  constructed  from  2.5  cm  ID 
stainless  steel  tubing  with  commercial  bakeable  barium  flu¬ 
oride  windows,  each  1.27  cm  in  diameter  made  by  Harshaw 
Chemical  Go.,  and  attached  to  flanges  at  each  end.  The  dis¬ 
tance  between  the  windows  was  92  cm.  A  stainless  steel  tube 
connected  the  absorption  cell  to  manometers,  a  gas  mixing 
tank,  gas  bottles,  and  a  mechanical  pump.  Mixing  of  CC^J 
He:N2  was  achieved  in  a  tank  stirred  by  a  series  of  propellers, 
mounted  on  a  central  rod  and  rotated  by  a  electric  motor. 

Seven  thermocouples,  one  attached  every  15  cm  along  the  out¬ 
side  of  the  absorption  cell,  were  used  for  monitoring  the 
temperature  along  the  length  of  the  cell.  The  oven  consisted 
of  four  half-round  ceramic  electric  heating  units  of  total 
length  150  cm  and  inner  diameter  10  cm.  The  ceramic  heating 
units  were  completely  encased  in  glass  wool  insulation  and 
enclosed  in  an  aluminum  container.  The  temperature  in  the 
oven  was  varied  using  a  Variac  connected  across  the  heating 
units,  and  monitored  with  a  digital  voltmeter,  connected 
sequentially  to  the  seven  thermocouples. 

2.2.2  Experimental  Method 

The  procedure  followed  in  measuring  the  transmission 
of  the  C02  gas  mixes  was  to  start  with  the  oven  at  room 
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temperature,  pump  out  the  absorption  cell  with  the  mech¬ 
anical  pump,  and  record  the  two  signals  shown,  on  the  volt¬ 
meters.  The  gas  was  then  let  into  the  cell  to  a  pressure 
of  100  torr,  and  the  two  detector  readings  were  again  noted. 
Following  this,  the  pressure  was  increased  up  to  700  torr  in 
steps  of  100  torr  with  the  voltmeter  readings  being  recorded 
at  each  step.  Next  the  gas  pressure  was  reduced  again  to 
100  torr  in  steps  of  100  torr.  This  process  was  then  re¬ 
peated  for  a  different  laser  wavelength,  the  region  of  in¬ 
terest  being  around  the  P(20)  line.  Simultaneously  power 
was  applied  to  the  oven  heating  elements,  and  the  temperature 
was  monitored  through  observation  of  the  thermocouple  volt¬ 
ages.  The  above  measurements  were  then  repeated  at  each  tem¬ 
perature  increase  of  approximately  25  K  with  the  power  to  the 
heater  elements  slightly  increased  from  time  to  time.  Thus, 
the  temperature  increased  monotonically  during  the  time  of 
measurements;  however  the  temperature  increase  was  less  than 
5  K  during  each  set  of  measurements  from  100  to  700  torr  and 
back  to  100  torr.  Each  set  of  measurements  took  approximate¬ 
ly  3.5  minutes,  long  enough  to  allow  the  gas  to  reach  thermal 
equilibrium;  no  significant  variation  of  absorption  coeffi¬ 
cient  k  was  observed  during  the  course  of  a  single  set  of 
measurements  to  indicate  that  k  was  changing  because  of  an 
increasing  temperature;  furthermore,  rough  computations  of 
heat-transfer  times  and  amount  of  heat  required  to  raise  the 
temperature  of  the  gas  confirmed  this  conclusion.  The  ratio 
of  the  signal  from  detector (#l)  when  there  was  gas  in  the 
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absorption  cell  to  when  there  was  no  gas  in  the  cell  was  used 
to  calculate  the  absorption  coefficient  k  from  eq. (2)  above. 

2.3  _  Results  of  Absorption  Experiment 

A  diagram  of  the  small  signal  absorption  coeffi¬ 
cient  of  various  R  and  P  branch  C02  laser  transitions  in  the 
10.6  |im  band  at  310  K  and  a  100 s  0 :0  mixture  can  be  seen  in 
Figure  2.  Similiar  measurements  taken  by  Arie  et  al. [24] 
are  also  shown  on  the  diagram. 

Figure  3  shows  the  absorption  coefficient  against 
pressure  for  P(20)  at  310  K  in  pure  C02<  Data  from  Ref.  [24] 
is  also  shown. 

Figures  4-6  presents  the  absorption  coefficient 
against  temperature  from  the  experimental  measurements  and 
the  theoretical  calculation  at  line  center.  These  results 
are  summarized  in  Figures  7  and  8,  which  are  least-squares 
fits  of  a  cubic  polynomial  of  the  data  of  Figures  5  and  6. 

The  coefficients  of  the  polynomial  for  three  wavelengths  and 
two  different  mixtures  is  given  in  Table  1.  These  curves 
were  subsequently  used  in  measuring  the  gas  temperature  in 
the  TEA  C02  laser  amplifier.  The  horizontal  error  bars,  shown 
in  Figures  4-6,  representing  the  uncertainty  in  T  indicate 
the  standard  deviation  of  the  seven  thermocouple  readings. 

At  580  -  600  K,  the  deviation  in  the  seven  temperatures  was 
approximately  10  K.  The  vertical  bars  represent  upper  bounds 
on  the  expected  error  in  k,  which  will  be  discussed  in  Sec¬ 
tion  3»4» 
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Table  1  The  Coefficients  of  the  Cubic  Polynomial  of  k  as  a  Func¬ 
tion  of  T  for  Three  Wavelengths  and  Two  Different  Mixtures. 

k=  AT-^  +  BT2  +  CT  +  D 


C02:He:N2 

\ 

A(xl0~10) 

B(xl0-7) 

C(xl0'4) 

D(xl0 1) 

30:55:15 

P(  20 ) 

-2.085 

2.937 

-1.074 

0.123 

P(22 ) 

-2.174 

2.996 

-1.108 

0.129 

P(18) 

-1.571 

2.105 

-0.698 

0.070 

13:77:10 

P(  20 ) 

-0.612 

0.859 

-0.293 

0.030 

P(  22 ). 

-0.363 

O.558 

-1.823 

0.016 

P(18) 

-0.134 

0.211 

-0.231 

0.007 

2.4  Discussion  of  Results 

As  the  vibrational-rotational  transition  was  chang¬ 
ed  in  the  probe  laser,  the  peak  values  of  k  shown  in  Figure  2 
were  recorded  for  the  pure  C02  at  310  K.  Both  the  P  and  R 
branch  absorption  coefficient  attained  their  maximum  values 
for  lower  level  values  of  J  «  16.  From  the  Boltzmann  dis¬ 
tribution  of  the  population  density  Nj  of  the  various  rota¬ 
tional  levels,  the  level  at  which  Nj  is  a  maximum  is  given 
by  [34] 

i  1 

)* - 

2 

here,  if  we  put  J  =  16  we  obtain  a  temperature  T=  306  K 

max 

and  J  =  18,  T=  38I  K.  The  temperature  is  only  accurate  to 
max 

within  22 and  this  relation  assumes  that  a  simple  2-level 

model  of  absorption  is  valid. 

In  Figure  3,  it  can  be  seen  that  the  measured 

absorption  coefficient  was  independent  of  the  gas  pressure 
for  P( 20 )  except  in  the  lower  pressure  region  (p<20  torr), 


KT 


Jmax  ^ 


2hcB 
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In  the  Doppler  broadened  region  the  absorption  coefficient 
is  proportional  to  the  gas  pressure  because  both  N2  and  N1 
are  directly  proportional  to  pressure  and  in  the  case  of 
collision  broadening,  the  absorption  coefficient  should  be 
independent  of  pressure  due  to  the  normalized  line  shape  G(v) 
being  inversely  proportional  to  the  pressure.  From  eq.  (1), 
we  can  see  both  presure-dependent  factors  will  cancel  each 
other.  Similiar  results  are  presented  in  the  paper  by  Arie 
et  al .  [24], 

It  was  first  noticed  by  Ely  and  McCubben  [33]  that 
the  temperature  variation  of  linewidth  in  pure  C02  did  not 
follow  a  simple  T  Relationship  as  might  be  expected  from  an 
elementary  model  of  collision  processes  in  the  pressure  broad¬ 
ened  regime.  Recent  experimental  data  by  Leonard  [18]  for 
temperatures  up  to  600  K,  and  in  a  higher  temperature  range 
by  Strilchuk  and  Offenberger  [35]  have  confirmed  the  discrep¬ 
ancy.  Figures  4-6  show  the  measured  absorption  coefficient 
against  temperature  for  pure  C02  and  the  gas  mix  used  in  the 
succeeding  experiment.  The  theoretical  computations  of  the 
2-level  absorption  model  discussed  in  section  2.1.2  were  also 
included  for  comparison.  In  the  pure  C02  case  some  of  Leonard' 
results  [18]  have  also  been  plotted  at  two  different  pressures. 
The  agreement  between  our  results  and  those  of  Leonard  are 
satisfactory  considering  the  spread  in  his  values. 

It  has  been  suggested  by  Munjee  and  Christensen 

[36]  that  the  transistions  between  the  01*1  -  11*0  levels  and 
the  02 °1  -  12 °0  levels  also  contribute  to  the  absorption. 
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Their  calculations  give  satisfactory  agreement  with  Leonard's 
measured  data.  Unfortunately,  the  absolute  magnitude  of  the 
mixed  mode  contributions  are  questionable  primarily  because 
the  rotational-vibrational  constants  of  the  molecule  are  not 
known  with  adequate  precision.  Despite  this-,  the  measurements 
show  that  in  pure  GO ^  the  P(20)  absorption  coefficient  did 
not  vary  with  pressure  over  a  range  from  100  to  700  torrs, 
within  the  experimental  errors.  This  is  contrary  to  the  cal¬ 
culations  of  mixed  mode  absorption  considered  in  Ref.  [36]. 
This  suggests  that  the  linewidths,  wavelengths  or  the  pres¬ 
sure  broadening  coefficients  of  the  overlapping  absorption 
lines  are  not  known  accurately  enough.  More  precise  mea¬ 
surement  are  currently  being  under  taken  to  further  clarify 
this  discrepancy  [37]* 
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CHAPTER  3 


TEMPERATURE  MEASUREMENTS  IN  A  TEA  C02  AMPLIFIER 

3»1  Experimental  Set-up  and  Experimental  Procedure 

3.1.1  Experimental  Set-up 

Figure  9  is  a  schematic  diagram  of  the  apparatus 
used  for  this  experiment.  A  low-pressure  CW  C02  laser  was 
operated  in  the  fundamental  mode.  (TEM00)  An  internal  grat¬ 
ing  allowed  the  output  to  be  tuned  over  several  lines  in  the 
P  branch  of  the  10.6  ^im  band.  The  output  beam  had  a  power 
of  approximately  1  W.  This  probe  beam  was  chopped  by  a  mech¬ 
anical  chopper  and  reflected  from  adjustable  mirrors,  passed 
through  the  amplifier  and  then  focused  onto  a  Ge (Au) detector . 
A  beamsplitter  located  between  two  mirrors  was  used  to  de¬ 
flect  the  beam  into  a  C02  spectrum  analyzer  to  monitor  the 
wavelength.  The  diameter  of  the  laser  beam  was  limited 
in  front  of  the  amplifier  by  a  5  rom  iris  to  obtain  better 
spatial  resolution.  A  10  cm  focal  length  lens  was  used  in 
front  of  the  detector  to  focus  the  beam  onto  the  detecting 
element.  The  reason  for  the  lens  was  to  minimize  the  effects 
of  deflection  of  the  laser  beam  due  to  nonuniform  heating  of 
the  gas  in  the  amplifier.  Without  the  lens,  large  distor¬ 
tions  were  evident  for  10  milliseconds  or  more  after  the  dis¬ 
charge;  with  the  detector  at  the  focus  of  the  lens,  a  minimum 

amount  of  distortion  occurred  and  only  for  the  first  few 
milliseconds. 
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The  exact  geometrical  structure  of  the  amplifier 
has  been  described  by  Robinson  [6]  in  his  laser  gain  mea¬ 
surements.  Briefly,  the  amplifier  consisted  of  a  two  stage 
Marx  bank  circuit  connected  to  the  Chang  profile  electrodes 
[38].  The  gap  between  the  electrodes  was  preionized  by  UV 
radiation  which  in  turn  was  produced  by  intense  arcs  conduct¬ 
ed  through  capacitors  and  pin  electrodes  connected  in  par¬ 
allel  with  the  main  electrodes  and  situated  every  10  cm  along 
their  length.  The  system  was  similiar  to  that  described  by 
Burnett  and  Offenberger  [39]  but  with  the  capability  of  wider 
electrodes  (up  to  18  cm),  adjustable  arc  lengths  and  distance 
from  the  main  electrodes,  and  variable  pressure,  although 
most  measurements  were  performed  at  1  atmosphere.  Figure  10 
is  a  schematic  diagram  of  the  electrodes  and  discharge  cir¬ 
cuit.  The  important  parameters  of  the  amplifier  are:  elec¬ 
trode  length  L=  58  cm,  d=  5.1cm,  W=  13  cm,  w=  18  cm,  g=  1.8  cm, 
t=  2.5  cm,  C=  0.1  (iF  and  c=  570  pF.  The  pertinent  discharge 
currents  are  labelled.  The  applied  voltage  was  varied  from 
35  to  60  kV,  the  lower  limit  governed  by  the  onset  of  arcs 
in  the  discharge  and  the  upper  by  the  power  supply.  A  mech- 
nical  fan  mounted  in  PVC  pipe  on  top  of  the  amplifier  cir¬ 
culated  the  gas  along  the  axis  of  the  amplifier  to  ensure 
good  mixing  of  the  three  gases.  Helium,  Carbon  Dioxide  and 
Nitrogen  passed  through  separate  flow  meters,  were  mixed, 
and  then  flowed  into  the  amplifier  in  the  negative  x-direction 
and  finally  out  into  the  laboratory.  The  average  velocity 
of  the  gas  was  2.15  cm/min  for  30 : 55 : 15  a.nd  3*22  cm/min  for 
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13 *•  77  *  10  through  the  discharge  volume.  Two  NaCl  windows, 
tilted  at  a  small  angle  to  avoid  reflections  back  into  the 
laser,  were  mounted  on  both  ends  of  the  amplifier. 

The  electrode  material  was  Union  Carbide  AGOT  grade 
graphite  stock  with  a  resistivity  of  6.5  x  10”**  ohm-cm.  The 
ends  of  the  electrode  were  semi-circular  and  the  technique 
of  shaping  and  cutting  the  electrode  has  been  described  by 
Seguin  et  al.  [4ol.  The  uniform  field  profiles  described  by 
Chang  [38]  and  used  in  these  measurements  depend  on  a  par¬ 
ameter  k  (not  to  be  confused  with  the  absorption  coefficient 
k)  which  can  be  related  directly  to  the  curvature  of  the 
profile  only  under  special  conditions.  In  general  terms, 
however,  the  lower  the  value  of  k  the  flatter  is  the  elec¬ 
trode  and  the  more  uniform  is  the  electric  field  between  the 
electrodes.  From  the  point  of  view  of  the  glow-to-arc  transi¬ 
tions,  the  discharge  performance  was  best  for  a  separation 
of  5«1  cm  for  the  particular  operating  conditions  used  in 
this  experiment,  although  measurements  were  also  performed 
for  d=  4.3  cm  and  5.8  cm.  Four  electrode  profiles  were  stud¬ 
ied  in  this  investigation,  having  a  value  of  k=  0.0?,  0.05, 
0.03  and  0.00.  The  electrodes  will  henceforth  be  referred 
to  as  electrodes  7,  5»  3  and  0  respectively. 

The  predicted  electrode  profile  extends  beyond  the 
width  W  of  the  electrode.  Rather  than  ending  the  profile 
abruptly  at  the  junction  of  the  vertical  side  and  the  profile 
surface,  a  smooth  but  somewhat  arbitrary  round-off  of  the  edge 
was  performed.  Without  rounding,  the  electrodes  with  low  k 
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values  tended  to  arc  at  this  edge.  The  radii  of  curvature 
of  the  rounding  was  approximately  0,  0.9,  0.9  and  1.9  cm  for 
electrodes  7,  3,  5  and  0  respectively.  The  cross  sections 
of  the  four  electrodes  are  shown  in  Figure  10b.  The  profiles 
are  symmetric  about  the  center  line.  The  region  of  round-off 
is  indicated  with  the  exact  shape  extending  to  the  edge  of  the 
electrode  marked  by  a  dashed  line.  More  details  about  the 
calculation  and  conf iguration  of  the  profiles  are  given  by 
Chang  [38].  The  whole  discharge  sequence  in  the  amplifier 
has  also  been  described  in  the  paper  by  Robinson  [6]. 

3.1.2  Experimental  Procedure 

The  procedure  followed  in  making  these  measurements 
was  to  record  two  successive  traces  of  the  oscilloscope.  The 
first  trace  of  the  chopped  laser  beam  occured  without  a  dis¬ 
charge  in  the  amplifier  and  immediately  after  this,  a  second 
trace  with  a  discharge  in  the  amplifier.  The  measurement 
.made  with  a  discharge  would  show  initially  the  large  increase 
in  laser  signal  due  to  amplification  for  a  few  microseconds 
after  the  discharge,  and  was  then  followed  by  a  substantial 
decrease  in  signal  due  to  absorption.  The  time  evolution  of 
the  absorption  signal  could  then  be  monitored  on  a  time  scale 
set  according  to  the  sweep  speed  of  the  oscilloscope.  Figure 
11  shows  four  such  measurements  at  different  sweep  speeds. 

The  initial  transmission  after  the  gain  pulse,  as  indicated 
by  the  traces  in  Figure  11a,  lib  and  11c  is  approximately 
83^,  while  lid  indicates  a  return  to  normal  temperatures  in 
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approximately  50  ms.  A  correction  to  the  absorption  coeffi¬ 
cient  computed  from  the  ratio  of  the  two  signals  must  be 
applied  because  the  "non-absorbed"  trace  in  fact  represents 
the  transmission  through  the  gas  mix  at  room  temperature 
(see  section  3*5).  The  correction  amounts  to  adding  the  value 
of  the  absorption  coefficient  at  room  temperature  for  the 
particular  gas  mix,  as  measured  in  the  previous  experiment, 
to  the  apparent  absorption  coefficient  calculated  from  the 
data  of  Figure  11. 

Following  the  above  procedure,  measurements  of  ab¬ 
sorption  and  hence  temperature  in  the  TEA  CO^  amplifier  were 
made  as  a  function  of  position  in  the  horizontal  (x)  and  ver¬ 
tical  (y)  directions,  pressures,  electrode  shapes,  discharge 
voltages  and  electrode  separations.  Simultaneous  voltage 
and  current  measurements  were  also  attempted  in  order  to  com¬ 
pute  energy  deposited  into  the  gas  during  the  discharge.  Un¬ 
fortunately,  the  voltage  measurements  were  not  successful. 
Because  of  the  high  voltage  involved,  special  voltage  di¬ 
viders  were  constructed  which  did  not  remain  linear  under 
high  voltage  operation  and  the  amount  of  nonlinearity  could 
not  be  accurately  determined.  An  indirect  method  of  cal¬ 
culating  this  energy  will  be  presented  in  section  3.3. 

3.2  Results  and  Discussion 

The  variation  of  temperature  with  position  in  the 
horizontal  (x)  direction  midway  between  the  two  electrodes 
in  the  amplifier  is  shown  in  Figure  12.  The  experimental 
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conditions  are  indicated  in  the  diagram.  The  time  at  which 
the  temperature  was  measured  was  3*6  ms  after  the  discharge. 
The  temoerature  profiles  shown  in  Figure  12  are  labelled  acc¬ 
ording  to  the  charging  voltage  placed  on  the  capacitors  in 
the  amplifier,  which  are  connected  in  a  voltage  doubling 
circuit.  It  can  be  seen  that  as  the  charging  voltage  in¬ 
creases,  and  hence  the  input  energy  into  the  gas  increases, 
the  temperature  at  any  position  increases,  as  one  would  ex¬ 
pect.  As  was  observed  for  the  small-signal  gain  [61  a  slight 
asymmetry  of  the  temperature  profiles  can  be  seen.  The  reason 
for  this  phenomenon  is  not  known.  Typical  error  bars  are  also 
shown  representing  the  expected  error  in  T. 

A  similiar  set  of  temperature  profiles  is  shown  in 
Figure  13,  taken  under  the  same  conditions  as  the  previous 
figure,  but  now  the  measurements  were  made  in  the  vertical 
(y)  direction  in  a  plane  midway  between  the  sides  of  the  elec¬ 
trodes.  It  can  be  seen  that  the  temperature  is  constant  in 
the  y-direction  except  in  the  regions  close  to  the  electrodes. 
This  general  behavior  was  also  observed  with  the  small-signal 
gain  [6];  the  variation  of  temperature  near  the  electrodes 
can  probably  be  accounted  for  by  rapid  electric  field  and 
electron  density  variations  in  the  electrode  sheath  regions 
as  well  as  the  proximity  of  the  cold  electrode.  The  5-mm- 
diameter  laser  beam  could  not  provide  good  spatial  resolution 
in  these  regions  for  detailed  measurements. 

Figure  14  indicates  the  variations  of  temperature 
at  the  center  of  the  discharge  with  gas  pressure,  for  the  30: 

^ 5 : 1 5  £-as  mix,  at  various  applied  voltages  as  indicated,  for  the 
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P(20)  line.  The  measurement  was  made  5  ms  after  the  dis¬ 
charge  in  the  amplifier.  As  anticipated,  the  temperature 
rise  was  greater  the  higher  the  charging  voltage,  and  the 
lower  the  pressure.  Temperatures  above  600  K  were  estimated 
by  extrapolating  the  cubic  curves  of  temperature  of  Figure  7» 
If  the  discharge  volume  and  input  energy  to  the  gas  are  in¬ 
dependent  of  the  pressure,  then  the  temperature  increase  would 
vary  inversely  with  gas  density  and  hence  vary  inversely  with  the  pres¬ 
sure  (also  assuming  the  specific  heat  is  not  a  function  of 
temperature,  which  is  approximately  true).  The  dotted  curve 
in  Figure  14  varies  in  this  manner,  passing  through  the  35  kV 
curve  at  100  torr.  In  fact,  the  measurements  show  that  less 
energy  is  being  deposited  into  the  gas  at  low  pressures  than 
at  high  pressures.  Indeed  it  has  been  observed  in  a  resis¬ 
tive-pin  COg  TEA  laser  that  the  energy  input  does  decrease 
with  decreasing  pressure  [?1,  and  this  appears  to  be  the  case 
here.  However,  it  is  also  possible  that  the  discharge  is 
more  spread  out  at  lower  pressures,  which  would  also  con¬ 
tribute  to  the  divergence  from  a  p  ^  relation. 

The  variation  of  temperature  for  the  six  charging 
voltages  as  a  function  of  time  following  the  discharge  is 
shown  in  Figure  15.  The  temperatures  shown  are  those  mea¬ 
sured  at  the  center  of  the  discharge,  starting  approximately 
1.5  ms  after  the  discharge  and  extending  up  to  48  ms.  The 
temperature  drops  off  monotonically  with  time,  but  does  not 
attain  room  temperature  at  the  end  of  the  time  period  of  ob¬ 
it  appears  that  the  temperature  decreases  more 
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rapidly  for  the  high  energy  input  cases,  and  in  fact  at  48  ms 
after  the  discharge,  the  high  voltage  curves  appear  to  have 
a  lower  temperature  than  the  low  voltage  curves.  This  tem¬ 
perature  spread  in  the  various  voltage  curves  at  this  late 
time  may  be  more  of  an  indication  of  the  precision  of  the 
measurements  of  the  temperature  at  this  time,  rather  than 
there  actually  being  a  temperature  difference  in  those  six 
different  case.  The  precision  of  the  measurements  will  be 
discussed  in  section  3.4. 

Figure  16  shows  the  temperature  decay  with  time 
using  the  same  electrodes  but  with  three  different  gap  dis¬ 
tances.  It  can  be  seen  that  the  shorter  the  distance  is, 
the  higher  is  the  temperature  increase,  as  expected,  because 
there  is  less  gas  between  the  electrodes  to  be  heated.  At 
the  begining  of  the  decay,  an  inverse  relationship  roughly 
exists  between  the  temperature  increase  and  the  electrode 
separation.  This  implies  that  the  volume  of  gas  heated  is 
proportional  to  the  separation.  At  later  times,  of  course, 
the  temperature  decay  will  depend  on  the  initial  temperature 
as  well  as  heat-transfer  times  to  the  surrounding  gas  and  the 
electrodes,  so  that  an  inverse  relationship  would  not  be  ex¬ 
pected  to  hold,  which  is  confirmed  by  the  curves. 

The  spatial  variation  of  the  temperature  profiles 
with  electrode  spacing  is  shown  in  Figure  1 7  at  two  different 
charging  voltages.  The  electrodes  used  for  these  measurements 
were  the  most  curved  of  the  electrodes  investigated,  and  are 
labelled  electrode  7;  for  comparison  of  the  shape  of  the  other 
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electrodes,  see  Figure  10b.  The  temperature  is,  as  expected, 
greater  for  the  smaller  electrode  spacings,  for  the  same 
reason  as  given  in  the  discussion  of  Figure  16. 

The  critical  effect  that  the  electrode  shape  has 
on  the  temperature  profiles  is  indicated  in  Figure  18,  which 
is  a  plot  of  the  temperature  increase  for  three  electrode 
shapes.  Qualitatively  speaking,  the  lower  the  number  asso¬ 
ciated  with  the  electrode  the  flatter  is  the  profile,  and  as 
indicated  in  Ref.  [61,  the  more  spread  out  is  the  deposited 
energy  in  the  discharge.  This  implies  that  a  smaller  tem¬ 
perature  increase  is  anticipated  because  the  deposited  energy 
density  is  lower  for  a  flatter  electrode.  If  we  consider 
these  temperature  measurements  in  conjunction  with  the  gain 
profiles  [6]  for  these  three  electrodes,  it  is  evident  that 
the  small-signal  gain  begins  to  saturate  or  decrease  at  the 
point  when  the  input  energy  is  sufficient  to  heat  the  gas  to 
a  temperature  of  approximately  450  K.  Temperatures  above 
this  value  indicate  less  than  optimum  conditions  for  maximum 
gain.  It  is  not  apparent  whether  the  decrease  in  gain  is  due 
only  to  thermal  effects  or  a  decrease  in  pumping  efficiencies 
these  aspects  are  more  thoroughly  discussed  in  Ref.  [l4]. 

Figure  19  shows  the  variation  of  temperature  with 
position  in  both  the  horizontal  (x)  direction  and  vertical 
(y)  direction  midway  between  the  two  electrodes  in  the  am¬ 
plifier.  Three  different  laser  wavelengths  were  used.  The 
time  at  which  the  temperature  was  measured  was  3 *6  ms  after 
the  discharge  under  the  applied  voltage  of  50  kV.  At  all 
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positions,  each  measurement  of  temperature  for  the  three 
lines  were  within  10  K  of  each  other.  As  expected,  these 
results  show  the  calibration  curves  at  each  wavelength  are 
in  agreement.  Similiar  measurements  are  shown  in  Figure  20 
under  the  same  conditions  as  before  but  with  the  other  gas 
mix.  Due  to  the  different  mix,  amount  of  deposited  energy 
and  specific  heat  in  the  discharge  volume,  it  can  be  seen 
that  the  shape  of  the  temperature  profile  is  approximately  the 
same  but  30  K  below  the  value  of  the  first  mix.  Contrary  to 
what  we  observed  in  30 : 55 { 15  mix,  there  was  no  temperature 
rise  at  the  region  near  the  cathode.  Further  investigation 
is  necessary  to  clarify  this  difference. 

3.3  Energy  Estimation 

Although  direct  measurements  of  the  energy  deposit¬ 
ed  into  the  discharge  were  unsuccessful,  this  quantity  can 
be  estimated  using  the  results  presented  in  the  previous 
figures.  Specifically,  the  heat  content  of  the  gas  follow¬ 
ing  the  discharge  can  be  computed  from  the  measured  temper¬ 
ature  profiles  shown  in  Figure  12.  This  indicates  the  en¬ 
ergy  used  to  heat  the  gas  only,  and  of  course  does  not  account 
for  the  energy  emitted  as  radiation  from  the  main  discharge, 
the  side  sparks,  or  the  energy  present  in  shock  and  acoustic 
waves.  The  computation  will  be  carried  out  under  the  assump¬ 
tion  that  the  initial  temperature  distribution  is  constant 
in  the  y-direction,  as  indicated  in  Figure  13.  Also  since 
Figure  15  shows  that  the  initial  temperature  profile  is 
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constant  for  several  milliseconds  after  the  discharge,  the 
temperature  at  J.6  ms  can  be  assumed  equal  to  the  temperature 
immediately  after  the  discharge. 

Assuming  the  gas  maintains  a  constant  pressure  and 
that  the  heat  energy  density  e  is  a  function  of  x  only,  then 
€(x)  is  given  by 

T.  (x) 

e(x)=  S  ?(T)C(T)dT  (2) 

rp  y 

0 

where  ^  ,  C  ,  and  Tq  are  the  gas  density,  specific  heat 
at  constant  pressure,  the  gas  temperature  immediately  follow¬ 
ing  the  discharge,  and  room  temperature,  respectively. 

Values  for  lh  (x)  can  be  obtained  from  Figure  12. 

For  the  gas  mixture,  C  was  calculated  following 

ir 

Cloutier  [4l]  using  appropriate  tables  from  Hamblin  [42]. 

In  table  2,  €(x)  was  calculated  from  eq.  (2)  using  Simpson* s 
rule  for  numerical  integration.  Integration  of  €(x)  through¬ 
out  the  volume  of  the  discharge  then  gives  the  total  heat 
energy  of  the  gas.  An  example  is  shown  below  for  conditions 
indicated  in  Figure  12  for  V=  50  kV,  where  the  temperature 
distribution  curve  has  been  extrapolated  to  room  temperature 
at  both  ends. 


*  numerical  integration 
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Table  2  Details  of  Energy  Estimation  for  Input  Voltage= 50  kV. 


x  (cm) 

Ti  (x)  (K) 

€(x) (j/cm^) 

-3.06 

312 

0.0165 

 -2.55 

360 

0.0562 

-2.04 

4oo 

0.0830 

-1.53 

”  44o 

0.1058 

-1.02 

470 

0.1209 

-0.  51 

£95 

0.1323 

0.00 

505 

0.1366 

0.  51 

500 

0.1344 

1.02 

480 

0.1260 

1.53 

460 

0.1l60" 

2.04 

525 

0.0977 

2.55 

395 

0.0799 

3.06 

356 

0.0532 

_ 1^51 _ 

312 

0.0165 

Then  the  total  heat  energy  S  in  the  gas  is  given  by 


E=  SSS  €(x)dxdydz=  [/  €(x)dx]  YZ 

A 

Where  Y=  the  depth  of  the  discharge  volume  in  the  y 
direction=  5*08  cm 

Z=  the  length  of  the  discharge  volume  in  the  z 
direction=  51*^  cm 

3 .57 

E=  [j*  €(x)dx]  x  5*°8  x  51*4 

-3.06 

=  186.6  Joules 

2 

The  total  applied  energy  =  2(i  CV  ) 

=  0.1  x  10'6  x  (50  x  103)2 
=  250  Joules 

186 . 6 


Percentage  of  the  deposited  energy  - 


250 


=  74.6  % 
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For  the  six  voltages  indicated  in  Figure  12,  using 

these  temperature  distribution  curves  extrapolated  at  the 

edges  to  room  temperature,  the  heat  energy  is  found  to  be 

equal  approximately  to  75^  of  the  energy  initially  placed  on 

the  capacitors.  The  results  for  all  voltages  are  summarized 

in  Table  3*  Thus,  irrespective  of  the  charging  voltage,  75^ 

of  the  electrical  energy  goes  into  heating  the  gas. 

Table  3  Summary  of  the  Percentage  of  the  Deposited  Energy 
for  the  Input  Voltage  from  35  to  6 0  kV. 


Input 

Voltage (kV ) 

Input 
Snergy( J ) 

Deposited 
Snergy(J ) 

Percentage 

(*) 

35 

122.5 

92.1 

75.2 

40 

160.0 

120.0 

75.0 

45 

202.5 

152.0 

75.0 

50 

250.0 

186.6 

74.6 

55 

302.5 

226.3 

74.8 

60 

360.0 

268.0 

74.4 

3.4  Errors 

In  Chapter  2,  we  have  shown  that  the  transmission 
3  through  an  absorbing  gas  is  given  by 


3  = 


exp( -kL) 


(3) 


where  I  is  the  input  intensity  and  I  is  the  intensity  at  a 
distance  L  in  the  absorber.  Taking  differentials  and  re¬ 
arranging,  we  get 


A  k 


1  A3  A  L 
In  3 


k 


3 


L 


(4) 
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where  A  k,  A  3  and  A  L  can  represent  the  errors  in  the  absorp¬ 
tion  coefficient,  transmission  and  length,  respetively. 

Following  the  method  of  Dorn  and  McCracken  [15], 
and  if  no  systematic  errors  are  present,  the  upper  bound  on 
the  relative  error  in  k,  y^,  can  be  written  as 

I  Y*l£  (  TTr1  >  1  Ye  1  +  I  yl  I  (5) 

where  y^  and  y^  are  the  relative  errors  in  3  and  L,  respec¬ 
tively. 

When  3  «  1,  the  first  term  in  eq.  (5)t  containing 
l/ln  3  1,  will  present  the  dominating  effect  in  determining 
the  upper  bound  on  the  error  because  of  the  characteristics 
of  the  logarithmic  function.  If  a  high  precision  in  k  is 
desired,  3  must  be  measured  precisely. 

In  the  auxiliary  experiment,  3  is  calculated  from 
the  ratio  of  two  digital-volmeter  readings,  and  the  maximum 
relative  error  in  3  is  estimated  at  ±5%»  The  length  of  the 
absorption  cell  is  known  much  more  accurately  and  its  con¬ 
tribution  in  eq.  (5)  is  negligible.  Using  eq.  (5)*  the 
bounds  on  the  error  in  k  varied  from  60 %  at  310  K  to  6.5/^ 

at  580  K  for  the  30:55:15  mix;  the  absolute  errors  were 

-3  -1 

approximately  equal  to  ±0.6  x  10  ^cm  at  all  temperatures 
and  are  indicated  in  Figure  5*  For  pure  CO2,  the  bounds  on 
the  error  in  k  varied  from  3 0/&  300  K  to  2.5^  600  K; 

_  o 

the  absolute  errors  were  approximately  equal  to  ±0.4  x  10 
cm-'*'  at  all  temperatures  and  are  indicated  in  Figure  4. 
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Similiar  error  bounds  were  found  for  13: 77 s 10,  and  are  in¬ 
dicated  in  Figure  6. 

In  the  temperature  experiment,  the  precision  is 
not  as  good  because  the  length  of  the  absorber  (ie.  the 
heated  gas  between  the  electrodes)  is  not  known  as  accurate¬ 
ly  and  the  uncertainty  in  length  is  estimated  to  be  about 

Also,  since  the  absorber  is  shorter,  the  transmissions 
are  larger,  and  hence  the  l/ln  3  ^  factor  is  greater.  Again 
assuming  a  ±5^  estimation  in  3,  a  bound  on  the  error  may  be 
obtained  using  eq.  (5)  and  Figure  5.  The  bound  of  the  tem¬ 
perature  varies  approximately  from  ±20  K  at  300  K  to  ±30  K 
at  600  K. 

Due  to  the  length  of  time  required  to  perform  the 
temperature  measurement,  it  was  not  feasible  to  repeat  ex¬ 
periments  to  obtain  data  under  all  conditions  to  obtain  a 
precise  standard  deviation.  However,  as  the  results  show 
from  Figures  19  and  20,  the  temperature  was  always  computed 
to  be  within  10  K  in  each  case  when  the  temperature  mea¬ 
surement  was  performed  at  three  different  wavelengths  for 
the  two  different  mixes.  Thus,  the  bound  on  the  error  quot¬ 
ed  above  is  felt  to  be  a  realistic  one. 

3.5  Correction  of  Temperature  Measurement 

The  ratio  of  the  amplitudes  of  the  absorbed  and 
the  non-absorbed  traces  does  not  represent  the  real  transmis¬ 
sion  through  the  gas  mix  in  the  amplifier;  a  correction  fac¬ 
tor  to  the  absorption  coefficient  at  room  temperature  has  to 
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be  considered.  In  what  follows,  we  will  show  how  to  find 
the  true  absorption  coefficient. 

Consider  the  following  system: 

To  J - 1  I 

*  Amplifier  ‘  * 


I0=  Intensity  of  beam  before  entering  the  amplifier 
I  =  Intensity  of  beam  out  of  the  amplifier,  without  discharge 
I  =  Intensity  of  beam  out  of  the  amplifier,  with  discharge 
At  room  temperature  (T  ~  300  K), 

I0=  I0  exp  [  -k(T0)L  ] 

After  the  discharge,  the  intensity  will  be 

I  =  I0  exp  [  -k(T)  L  ] 

Then  the  apparent  transmission  is 

.  1 

g  =  — r  =  exp  -  [k(T)  -  k(T0)]  L 
Xo 

1  •  1 
k(T)  -  k(T  )  =  -  In  (3  )  x 

0  L 

1  •  1 

k(T)=  k(T0)  +  -  In  (@  ) 

L 

This  shows  that  the  true  value  of  absorption 
coefficient  will  be  equal  to  the  value  at  room  temperature 
added  to  the  apparent  absorption  coefficient  obtained  from 

the  photographs. 
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CHAPTER  4 


CONCLUSIONS  AND  SUGGESTIONS  FOR  FURTHER  RESEARCH 

4.1  Summary  of  Results  and  Conclusions 

The  effects  of  gas  temperature  and  the  importance 
of  controlling  gas  temperature  in  a  TEA  C02  laser  have  been 
outlined  in  the  introduction.  Laser  devices,  both  in  single 
pulsed  discharges  and  high-repetition-rate  discharges,  must 
be  designed  to  operate  at  an  optimum  temperature  for  maximum 
laser  output  or  amplification. 

In  Chapter  2,  measurements  of  the  absorption  co¬ 
efficient  as  a  function  of  temperature  for  pure  C02  and  two 
other  gas  mixes  have  been  described.  It  was  found  that  the 
P( 20 )  absorption  coefficient  did  not  vary  with  pressure  over 
a  range  from  100  to  700  torr  in  pure  C02  at  high  temperature, 
within  the  precision  of  the  measurement.  A  consideration  of 
the  contribution  from  the  mixed  mode  absorption,  proposed  by 
Munjee  and  Christensen,  cannot  explain  the  descrepancy  between 
the  theoretical  calculation  and  the  experimental  measurement 
because  their  calculations  predict  a  28 ^  variation  of  the 
absorption  coefficient  as  the  pressure  goes  from  100  to  700 
torr  at  a  temperature  of  500  K.  In  the  pure  C02  case  the 
agreement  between  the  results  and  those  of  Leonard  are  satis¬ 
factory  except  the  spread  of  his  values  at  high  temperature. 
These  indicate  that  this  auxiliary  experiment  is  necessary 
and  its  data  can  be  used  subsequently  for  the  measurement  of 
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equilibrium  temperature  in  a  TEA  CC>2  laser  amplifier. 

In  Chapter  3»  a  method  of  measuring  the  equilibrium 
gas  temperature  in  a  TEA  C02  laser  amplifier  following  the 
discharge  has  been  described  by  considering  the  absorption 
suffered  by  a  C02  laser  beam.  Using  electrodes  with  Chang 
profiles,  temperatures  as  high  as  600±30  K  were  observed  at 
the  center  of  the  discharge.  The  results  show  that  the 
temperature  decreases  in  an  approximately  symmetric  fashion 
towards  the  edges.  A  constant  temperature  distribution  along 
the  main  current  flowing  in  the  discharge  was  also  found. 

The  temperature  behaved  as  expected  with  respect  to  the  other 
parameters;  it  increased  with  input  energy  and  decreased  with 
pressure,  electrode  spacing,  and  curvature  of  electrode  pro¬ 
file.  It  was  found  that  the  gas  cooled  down  to  room 
temperature  in  more  than  5°  ms. 

For  the  system  used  here  and  for  the  particular 
gas  mix  employed,  the  maximum  small-signal  gain  occurs  at  a 
temperature  of  approximately  450  K  obtained  by  considering 
the  temperature  profiles  in  conjunction  with  the  gain  pro¬ 
files  [6].  A  temperature  above  this  value  indicates  less 
than  optimum  conditions  for  maximum  gain. 

4.2  Suggestions  for  Further  Research 

As  far  as  the  spatial  resolution  of  the  temperature 
profile  is  concerned,  the  temperature  rise  in  the  region  near 
the  electrodes  should  be  investigated  further.  This  is  nec- 
for  the  following  resons:  (1)  to  ascertain  whether 
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there  is  a  temperature  rise  in  one  mix  (30:55:15)  but  not  in 
the  other  (13s 77:10);  (2)  to  find  more  exactly  the  behavior 
of  the  temperature  gradient  near  each  electrode.  One  way 
of  obtaining  better  resolution  of  the  temperature  profile  is 
to  reduce  the  diameter  of  the  iris  and  put  it  closer  to  the 
amplifier.  Further,  in  order  to  eliminate  possible  spurious 
readings  due  to  reflection  of  the  laser  beam  from  the  elec¬ 
trodes,  another  iris  should  be  placed  in  front  of  detector 
system.  For  convenience,  the  iris,  the  focal  lens  and  the 
detector  could  be  placed  in  fixed  relative  positions  in  one 
unit.  We  would  expect  a  temperature  drop  near  both  elec¬ 
trodes;  with  sufficient  spatial  resolution,  this  drop  in 
temperature  will  be  measurable.  Moreover,  an  accurate  tem¬ 
perature  profile  along  the  y-direction  will  provide  data  for 
a  theoretical  temperature  model,  as  discussed  below. 

From  the  viewpoint  of  temperature  control,  it  is 
necessary  to  know  the  temperature  decay  at  many  more  points 
between  the  electrodes  than  those  investigated.  As  can  be 
seen,  to  perform  an  entire  set  of  measurements  would  be  very 
time  consuming  and  expensive.  Therefore,  it  is  desirable 
to  develop  a  theoretical  model  of  temperature  with  both  tem¬ 
poral  and  spatial  resolution.  This  model  would  enable  us  to 
perdict  the  temperature  profile  in  different  gas-mix  systems 
without  making  a  large  number  of  tedious  measurements.  The 
model  might  be  obtained  by  numerically  solving  a  three- 
dimensional  heat  conduction  equation,  in  conduction  with  the 
continuity  equation,  provided  sufficient  data  and  the  initial 
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conditions  are  available.  Since  the  absorption  coefficient 
was  assumed  to  be  constant  along  the  z-direction,  it  would 
be  appropriate  to  begin  by  solving  the  two-dimensional  heat 
equation  first.  The  validity  of  such  a  model  should  be  test¬ 
ed  by  comparing  the  predicted  and  measured  temperature  decay 
at  specific  positions.  If  agreement  is  not  obtained,  fur¬ 
ther  refinement  of  the  model  would  be  necessary.  This  would 
require  the  solution  of  a  three-dimensional  heat  equation. 

The  model  discussed  in  the  previous  section  was 
restricted  to  a  single  pulse  discharge  system  with  very  slow 
gas  flow.  In  high-repetition-rate  discharge  systems,  a  sim¬ 
ilar  model  can  be  found  by  numerically  solving  the  heat 
and  mass-balance  equations.  We  would  expect  that  the  tem¬ 
perature  decay  to  be  faster  upstream.  Also  by  increasing 
the  gas  flow  rate  and  pulse  rate  gradually,  we  could  measure 
the  temperature  decay  at  certain  positions  between  the  elec¬ 
trodes.  It  would  be  interesting  to  compare  the  predicted 
temperature  decay  from  the  model  with  that  measured.  If 
there  is  correspondence  between  the  two,  the  design  and  con¬ 
struction  of  gas  circulating  and  cooling  systems  would  be 
made  easier  since  the  model  could  then  be  used  to  predict 
the  temperature  relaxation  time. 


' 


. 


- 

.  *1 


' 


. 


BaF-7  window 


38 


4 


—t 

I 

LD 


O 

I 

LD 

m 

3 

o 


51 


X 


@1 


l Q. 


LLl 

ce 

3 

tn  lu 
ui  o 
LU  3 

a:  < 

OL  o 


o 

xz 
* — •  <r 
IP 


CM 

o  <D  CN 
O  X  Z 


^1  1  •  1  • 

I  A  1  |  | 

i  •  1  • 

1  ^  1  ^  1 

x 


< 

o 


3 

X 

I— 

o 

LU 

DL 

LO 


X 

LU 

INI 

>- 


T  ^ 

TfKWsH 

T  TO  TO  W 


QC 
O 
I — 

o 

LU 

I— 

LU 

Q 


Z  CL 

^  § 
O  Qu 
LU 


W 

a: 

ro 

o 

M 

&-( 


Schematic  diagram  of  absorption  measurement  configuration. 
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FIGURE  3*  Small  signal  absorption  coefficient  at  various 
pressures  for  P(20)  at  310  K  and  M=100*0;0. 
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T  (K) 

FIGURE  4.  Absorption  coefficient  as  a  function  of 
temperature  for  P(20)  in  pure  CC^ (M=100 : 0 : 0) . 
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FIGURE  5»  Absorption  coefficient  as  a  function  of 
temperature  for  P(20)in  gas  mix(M=30:55!15) • 
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FIGURE  6.  Absorption  coefficient  as  a  function  of 
temperature  for  P(20)  in  gas  mix(M=13 : 77 :10) . 
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FIGURE  7.  Standard  curve  of  absorption  coefficient  against 
temperature  for  P( 20) , P( 22) , P( 18) at  M=30:55*15« 
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FIGURE  8.  Standard  curve  of  absorption  coefficient  against 
temperature  for  P  (20) ,  P  (22  ),  P  (18  )at  M=10:77:13. 
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schematic  diagram  of  temperature  measurement  configuration. 
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FIGURE  10a.  Amplifier  and  discharge  circuit  diagram. 


FIGURE  10b.  Cross  section  of  four  electrode  shapes. 
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a.  20  xis/cm 


c .  1 000  ais/c  m 


d.  5000  AJs/cm 

FIGURE  11.  Oscilloscope  traces  of 
temperature  measurement. 
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FIGURE  14.  Temperature  profile  with  pressure. 
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FIGURE  15.  Temperature  decay  with  time. 
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FIGURE  16.  Temperature  decay  with  time. 
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FIGURE  18.  Temperature  profile  with  x  position. 
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FIGURE  20.  Temperature  profile  with  x  and  y  position. 
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